Gravel permeability, dissolved oxygen, and gravel particle size composition are substrate parameters affecting the survival of incubating salmonid embryos. Current methods of measuring these parameters cannot quantify all three without substantially disturbing the sample. To solve this problem, we developed a new technique to measure permeability and dissolved oxygen while extracting a freeze core from a single in-situ standpipe. The standpipe is similar to the Terhune Mark VI permeability standpipe, but it includes a plunger to seal the perforations and evacuate the water within the standpipe, allowing liquid nitrogen to fill the standpipe and freeze a substrate sample. This gives biologists the opportunity to associate local gravel permeability and dissolved oxygen concentrations with physical substrate characteristics, including particle size distribution and vertical stratification. We developed a relationship between gravel permeability and steelhead (Oncorhynchus mykiss) embryo survival using Tappel and Bjornn's (1983) gravel quality index. This relationship shows that for permeabilities greater than 10,000 cm/hr, embryo survival was greater than 85 percent; however, considerable scatter exists for permeabilities lower than 10,000 cm/hr.
Introduction
All watersheds contribute a portion of their total sediment load to the stream as fine sediment. Fine sediments infiltrate the gravel column and can be detrimental to salmonid spawning habitat. The amount of fine sediment delivered to streams depends on several factors, including watershed geology, climate, vegetation, and land use. The latter is a critical issue for fishery biologists because it is the only factor that can be modified by alternative watershed management techniques. Salmonid eggs, buried under as much as a foot of gravel, depend on sufficient intragravel water flow for their survival and development. Platts, et. al., (1983) found that a large percentage (>20 percent) of fine sediment within spawning gravel impedes flow and the survival of eggs is jeopardized. To date, the principal parameter for assessing gravel quality has been the percentage of fine sediment within the entire gravel column (Chapman, 1988) . Platts, et. al., (1983) and others have observed a direct relationship between percent fines and egg to emergence success for salmonids. Tappel and Bjornn (1983) performed a similar analysis, using a gravel quality index dependent on the particle size distribution less than 26.4 mm instead of percent fines. However, the interrelationships between percentage of fines, permeability, and dissolved oxygen (DO) have seen little attention. In his review of salmonid spawning gravel literature, Chapman (1988) concludes that further research of the physical and biological dynamics of redds is needed, including the effects of intragravel permeability, DO, and particle size distribution on egg survival. These interrelationships have been neglected because measuring each parameter in-situ using a single sampling device has proved difficult. Gravel core samplers developed by McNiel and Ahnell (1960) and Walkotten (1976) do not permit measures of permeability or DO. In contrast, Terhune (1958) developed a standpipe that measured permeability and DO but could not extract a gravel core for particle size analysis. Because gravel permeability and particle size distribution can be spatially highly variable, a desirable sampling technique would be precise enough to adequately characterize localized gravel quality parameters. Currently, the only method of measuring in-situ permeability, DO, and particle size distribution is to:
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drive a perforated standpipe into the gravel; measure permeability and DO in place; extract the pipe; insert a non-perforated standpipe back into the gravel; and apply a cryogenic medium into the standpipe to extract a gravel core.
This method is unacceptable because re-inserting the standpipe disturbs the integrity of the sample.
Instream bulk samples are typically obtained using a McNiel sampler (McNiel and Ahnell, 1960) . For certain applications, this sampling technique can provide rapid and economical bed particle size information; however, it is limited by the difficulty in inserting the sampler to depths greater than 30 cm, and direct observation of vertical bed stratification is impossible. Conversely, standpipe freeze core samples can be as deep as 60 cm, and can also retain the natural bed stratification. This provides the opportunity to observe biological organisms (salmonid embryos and alevins, aquatic invertebrates, etc.) in a natural setting. The standpipe is particularly suited to sampling in salmonid spawning areas where water depths are less than a meter and velocities are less than one meter per second. The standpipe is limited because highly permeable gravel reduces the freezing effect of the cryogenic liquid, such that gravel samples are sometimes too small to be acceptable. In addition, the apparatus required is less portable than that for bulk sampling.
We have modified Terhune's permeability standpipe so that permeability, DO, and a freeze core can be taken without removing the standpipe, allowing us to compare these parameters with minimal gravel disturbance. The standpipe is driven into the gravel sample, and intragravel permeability and DO are measured. The standpipe is driven slightly deeper and a synthetic rubber plunger is placed into the pipe to evacuate water from the standpipe. Liquid nitrogen can now be poured into the standpipe, freezing the surrounding gravel to the outside of the standpipe. The pipe with the frozen core is extracted from the substrate, thawed to remove the gravel, either as an entire sample or separated into vertical strata which are then sieved into particle sizes and weighed.
Methods

Field Equipment
A stainless steel freeze core standpipe allows liquid nitrogen to serve as the cryogenic medium. (Figure 1) . It is identical to Terhune's (1958) standpipe except that a 3.8 cm diameter stainless steel pipe replaces Terhune's less durable 3.2 cm aluminum standpipe. the adjacent gravel column (Terhune 1958) . Each vertical row of holes is connected by grooves 1.6 mm wide and 1 mm deep to minimize blockage of the holes by small particles.
The lower end immediately above the driving point is perforated with forty-eight 3.2 mm diameter holes in 16 evenly spaced rows of three ( Figure 1) . The large number of holes is necessary to imitate a spherical sink, allowing the water to freely flow into the standpipe from anywhere in When the modified standpipe is driven into the gravel, intragravel water enters the pipe through the holes and rises to the level equal to the outside water surface. A graduated suction apparatus maintains a 2.5 cm pressure head (Figure 2 the suction apparatus evacuates water from the standpipe at a rate equal to inflow. This water is stored in a 1,000 ml graduated cylinder so that the volume per unit time (i.e., inflow rate) can be measured.
Gravel permeability measurements require unimpeded intragravel water flow into the standpipe. However, a successful freeze core demands that water be excluded from the standpipe so that the maximum freezing effect of the liquid nitrogen is directed to the gravel/ standpipe interface. To make the permeability standpipe also function as a freeze core standpipe, a plunger prevents water from filling higher than the top of the perforations. The plunger is a 1.5 m long, 1 cm diameter stainless steel tube that has a synthetic gasket at one end (Figure 3 ). The gasket is made of "Viton," a synthetic rubber that resists cracking and splitting at extremely low temperatures. The outer diameter of the disk is cut to fit tightly into the standpipe.
When the plunger is fully inserted into the standpipe, the disk is located above the topmost perforation to prevent inflow above the perforations (Figure 4 ). To assure a satisfactory seal and allow removal of the plunger, a "socket" made of a 1.2 m long by 2.5 cm diameter iron pipe allows the operator to tighten or loosen the disk fitting while it is inside the standpipe. The disk is initially tightened to expand the flexible disk, eases removal from the standpipe.
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assuring a waterproof seal. Loosening the disk fitting after taking the core releases the seal and
Dissolved Oxygen Measurements
Once a sample site is selected, the standpipe driven into the gravel column until the FHR Currents is perforations reach the desired sampling depth. To measure intragravel DO (or any other water quality parameter), water in the standpipe must be removed because it includes surface water. When water is pumped out of the standpipe, intragravel water refills the standpipe from the desired sample depth. An electronic probe can then be lowered into the standpipe to measure dissolved oxygen.
Permeability Measurements
Two people are required to measure permeability. One person (pumper) holds the graduated cylinder and operates the pump while a second person (timer) lowers the inverted steel plunger into the standpipe and listens for a characteristic "slurp," indicating that the end of the plunger tubing has just made contact with the water surface inside the standpipe. A 2.54 cm wooden spacer is placed on top of the standpipe and a "visegrip" is attached to the plunger at the top of the spacer. When the spacer is removed, the plunger is lowered until the visegrip rests on top of the standpipe, thereby holding the end of the plunger tubing exactly 2.54 cm below the water surface within the standpipe (Figure 2 ). \ Water is prevented from filling standpipe during freeze core process Figure 4 . Schematic of freeze core plunger inserted in to the modified standpipe Inflow rate, the ratio of measured water volume per unit time, must be corrected to account for the initial 2.5 cm water column and the time required to remove it. The volume of the 2.5 cm of water (29.0 ml for the 3.8 cm pipe) is subtracted from the measured volume, and the time taken to remove it from the standpipe (estimated at 0.25 seconds) is subtracted from the measured time (Terhune 1958) . The sample permeability is interpolated from an empirical permeability versus corrected inflow rate calibration curve (discussed below, Figure 5 ). This permeability value "KT" should be standardized to a temperature of 10 degrees Celsius by a viscosity correction factor "X" (Figure 6 ; Terhune, 1958) as:
A bilge pump is used to extract wafer in measuring permeability.
The timer then pinches the flexible tubing connected to the plunger and operates the stopwatch. The pumper operates the bilge pump (or other vacuum source), creating a vacuum throughout the graduated cylinder. Once a sufficient vacuum is generated (2-5 seconds), the timer simultaneously releases the pinched tubing and starts the stopwatch while the pumper continues. The vacuum immediately removes the top 2.5 cm of water, creating a pressure gradient that drives intragravel water into the standpipe. Water from inside the standpipe is continuously drawn into the graduated cylinder until the cylinder is almost full or an appropriate amount of time has elapsed (30-60 seconds). The timer simultaneously raises the plunger from the water surface and stops the stopwatch.
Liquid nitrogen is poured into the standpipe to freeze a substrate sample after the permeability has been measured.
FHR Currents
100
Standpipe Inflow "KT " (ml/s) Because the gravel core freezes to the standpipe while inserting the plunger, water is not forced above the perforations, the standpipe is driven an back through the perforations, which avoids additional 5 cm so the permeability measurements flushing fines from the gravel sample. At the same will be represented in the gravel core. Next, the time, the pumping removes most water from the plunger is inserted into the standpipe; the vacuum plunger tubing, reducing metal fatigue to the apparatus is attached to the top end of the tubing caused by ice expansion. Observed Temperature "T" ( "C) Figure 6 . Permeability correction curve to account for viscosity changes with temperature and the vacuum apparatus is removed from the diameter core unless gravel permeability is high, plunger. As the liquid nitrogen boils and vaporizes in which case more nitrogen may be necessary. in the standpipe, the gravel column begins to For samples with permeability more than 70,000 freeze to the sides of the standpipe. cm/hr, up to 15 liters of nitrogen may be required.
In gravel sites exhibiting high permeability (>70,000 cm/hr), a successful freeze core often depends on deflecting the surface and intragravel water flow around the standpipe. This is accomplished by pushing a large sheet metal collar into the gravel surrounding the standpipe and placing a sandbag against the upstream side of the collar. The collar and sandbag must be used after the permeability measurements have been taken because they will reduce intragravel flow.
When the last of the liquid nitrogen in the standpipe is allowed to vaporize, a steel rod is inserted through the holes near the top of the standpipe. Two people then pull the standpipe (with the attached frozen gravel sample) from the streambed. The gravel sample is thawed, separated into vertical strata (Platts, et. al. 1983) , and sieved to separate particle size classes.
Permeability Calibration
Best results are obtained when the liquid nitrogen level in the standpipe is maintained above the gravel surface. Eight to 10 liters of liquid nitrogen are usually sufficient to produce a 25-40 cm
The Terhune method of determining permeability requires that permeability be interpolated from the measured sample inflow rate using a "Permeability vs. Standpipe Inflow" calibration curve ( Figure 5 ). 
FHR Currents
The calibration curve that Terhune (1958) developed was appropriate for his 3.2 cm ' aluminum standpipe. Because our modified standpipe design uses a larger diameter stainless steel pipe, we redeveloped a calibration curve for the new standpipe.
We constructed a hydraulic flume permeameter to measure the permeability of a homogeneous but non-uniform gravel mixture. As water flowed through the gravel-filled permeameter, we measured the following four properties: 1) the flow rate through the gravel mixture (Q, cm3/hr); 2) the length of the gravel mixture (L, cm); 3) the average cross-sectional area of the wetted gravel mixture (A, cm2); and 4) the change in height of the water level over the distance L (h, cm) using simple piezometers. Permeability (K, cm/hr) of the gravel was then calculated according to the following equation developed by Darcy (1856) and adapted by Terhune (1958) :
Once the permeability of the gravel mixture was determined, five modified standpipes were placed in the gravel mixture and the inflow rate for each was measured (as described in the previous section). Inflow rates for each gravel mixture were averaged. Five homogeneous gravel mixtures were used for the calibration curve ( Figure 5 ).
Permeability (K) and average inflow rates (Q) were plotted on log-log paper to estimate the appropriate calibration curve ( Figure 5) . A curve was fitted by eye through the remaining five data points, and the curve for the modified standpipe was nearly identical to the Mark VI standpipe (Terhune 1958 
Application
Gravel quality is a critical component of a healthy stream and the reproductive success of salmonids. The survival rate of eggs to emergence determines the initial population size of a cohort, and is, in part, dependent on permeability, DO, and particle size distribution. For the first time, measuring these gravel quality parameters with a single device at a single location is possible, providing an accurate and cost effective way of collecting these data.
, One byproduct of the particle size distribution is that we are able to relate percent fines (Platts, et. al. 1983) or other gravel quality indices (Tappel and Bjornn 1983) 'to the survival rate of eggs to emergence. Additionally, this technique is a quick and cost effective way for fisheries managers to monitor temporal and spatial variabitity of gravel quality parameters in streams. This technique has several potential management applications, including:
(1) Substrate sampling within selective redds would provide data relating egg to emergence survival rate, producing better estimates for yearly cohort production for a given stream; (2) Localized spawning habitat quality-could be assessed by measuring particle size distributions, permeability and DO; and (3) Long term monitoring of particle size distributions, permeability, and DO could document impacts of land use practices on gravel quality within an entire watershed o r the contribution from a single tributary.
Permeability vs. Salmonid Survival __
Gravel particle size distribution and permeability are inter-dependent. For example, we collected 185 in-situ permeability/particle size distribution measurements on Freshwater Creek, McCloud River, Trinity River, and Tuolumne River, and found a positive correlation between permeability and several gravel quality indices. Two gravel quality indices, the fredle index and the Tappel and Bjornn index, have been related to salmonid emergence survival (Platts, et. al., 1983; Tappel and Bjornn, 1983) . We then:
(1) computed the respective index from our particle size data; (2) predicted survival for steelhead using the above survival relationships; and (3) compared log (permeability) the survival estimates.
Of these, the Tappel and Bjornn survival index provided the best results ( Figure 7 ). The Tappel and Bjornn index is:
A considerable portion of the scatter in Figure 7 is a result of estimating the value of both the dependent (salmonid emergence survival) and independent (permeability) variables. The dependent variable (permeability) is estimated by measuring inflow and interpolating from Figure 5 , and the independent variable is estimated by measuring the particle size distribution and then calculating survival from Tappel and Bjornn's model. Each of these steps adds to the uncertainty in the permeability vs. salmonid emergence survival relationship. Therefore, a desirable alternative would be to derive a direct relationship between standpipe inflow and salmonid emergence survival. We are currently seeking funding to fulfill this research need.
Steelhead Survival % = 94.7 -0 . 1 1 6 s 9 . 5 + o.oo7(s95)2 where S95 and SO.85 is the percent (by weight) of the sample that is smaller than 9.5 mm and 0.85 mm, respectively. The best fit regression equation for steelhead (r2 = 0.55) is:
Steelhead Survival % = 97. 95 _ e-0.88(log permeability Fisheries Department for their support and patience. Additional thanks go to Don Allan and others who helped develop the methodology and conduct the field testing of the modified standpipe.
Our data suggest that for permeabilities above 10,000 cm/hr, steelhead emergence survival is greater than 85 percent. However, considerable scatter is evident at lower permeabilities. This inhibits the usefulness of this technique as a management tool because low gravel permeabilities are commonly observed on impacted watersheds; therefore, the ability to assess the impact of watershed disturbance to salmonid survival is problematic. Therefore, confidence in Equation (3) is low for permeabilties lower than 10,000 cm/hr.
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